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peptidoglycan are required when compared to bacterialHermann Wagner1
lipopeptides, thus raising the question of potential con-Institute of Medical Microbiology
taminations. Furthermore, recent evidence of coopera-Immunology and Hygiene
tion between TLRs in specific PAMP recognition mayTechnische Universita¨t Mu¨nchen
also help overcome this concern. For example, it hasTrogerstrasse 9
been suggested that TLR2 forms functional pairs with81675 Munich
TLR6 and TLR1, respectively, implying the potential ofGermany
a combinatorial repertoire generated by heterodimeriza-
tion of TLRs (Hajjar et al., 2001; Ozinsky et al., 2000)
(Figure 1). In contrast, the hallmarks of adaptive immu-
Discovery of Drosophila Toll and its eight homologs cou- nity include the principle of somatic recombination to
pled with identification of homologous mammalian Toll- generate the diverse T cell and B cell receptor repertoire
like receptors (TLRs) that discriminate “self” from patho- and the ability to form memory responses upon patho-
gen-derived ligands (also termed pathogen associated gen exposure.
molecular patterns [PAMPs]) (Hoffmann et al., 1999) has TLR-Initiated Signaling
rejuvenated research on “innate immunity.” Today we As far as it is known, all TLRs activate innate immune
have come to realize that, for the recognition of patho- cells via the Toll/interleukin-1 receptor signal pathway
gens, plants and insects have relied for millions of years (Hoffmann et al., 1999; Aderem and Ulevitch, 2000) (see
upon a system of receptors that share a characteristic Figure 1). As a first cytosolic event, the adaptor molecule
cytoplasmatic domain now termed TIR (Toll/inter- MyD88 is recruited to the receptor complex, followed by
leukin-1 receptor domain). Amazingly, the TIR domain engagement of IL-1 receptor associated kinases (IRAKs)
has remained conserved, and it functions in antipatho- and the adaptor molecule TRAF6. Oligomerization of
gen responses in plants, insects, and mammalians alike. TRAF6 leads to activation of downstream kinases like
In mammals, 10 Toll homologs (TLRs) have been identi- the stress kinases c-Jun N-terminal kinase (JNK), p38,
fied so far, all of which appear to be type I integral and IkB kinase (IKK) complex. This results in the activa-
membrane proteins with extracellular leucine-rich re- tion of transcription factors like AP-1 and NF-kB. Re-
peats (LRRs) and cytoplasmatic TIRs (Hoffmann et al., cruitment of MyD88 seems to be an essential step since
1999; Aderem and Ulevitch, 2000). It has also become MyD88-deficient cells exhibit severe impairment of in-
clear that innate immune cells such as macrophages nate immune responses to PAMPs. Interestingly, upon
and dendritic cells (DCs) heavily impact on adaptive phagocytosis of particles including living bacteria, TLRs
immune responses; innate immune cells control as anti- become recruited to phagosomes, presumably to screen
gen-presenting cells (APCs) whether T cells respond at the contents for their ligands and subsequently to trigger
all and whether emanating adaptive T cell responses signaling via MyD88 (Ozinsky et al., 2000).
become polarized toward Th1 or Th2 (Aderem and Ule- The idea that PAMPs activated TLRs uniformly and
vitch, 2000). Accordingly, we now argue that innate im- exclusively initiate signaling via the TLR/IL-1 receptor
munity was not only first but also effectively instructs pathway may turn out to be too simplistic. For example,
subsequent adaptive responses to pathogens. the cytoplasmatic TIRs of distinct TLRs appear not to
In flies, Toll is involved in antifungal responses, and be functionally equivalent, since TLR1, TLR2, and TLR6
one of its homologs, 18-wheeler, confers respon- are believed to require heterodimenerization to induce
siveness to Gram-negative bacteria (Hoffmann et al., TNF-a production in macrophages, while TLR4 func-
1999). In a seminal report, Janeway and colleagues iden- tions on its own (Hajjar et al., 2001; Ozinsky et al., 2000).
tified the first human homolog of Drosophila Toll (Med- Interestingly, TLR2 appears to activate a signaling cas-
cade composed of the Rho GTPase Rac1, the phospha-zhitov et al., 1997), and subsequent positional cloning
tidylinositol-3 kinase (PI3K), and Akt that targets nuclearrevealed that it encodes a signal transduction and re-
NF-kB transactivation independently of IkBa degrada-ceptor component specific for lipopolysaccharide (LPS)
tion (Arbibe et al., 2000). In addition, MyD88 appears to(Poltorak et al., 1998). In vitro genetic complementation
couple TLR2 to the Fas associated death domain proteinof nonresponder cells with TLRs and gene knockout
(FADD)/caspase 8 apoptotic machinery (Aliprantis et al.,studies revealed that TLR2 acts as the essential receptor
2000), and signaling via the newly defined TIR associ-component for a variety of PAMPs, including lipopep-
ated protein (TIRap) reportedly bifurcates upstream oftides from bacteria and mycobacteria, peptidoglycans,
MyD88 at the level of TIR (R. Medzhitov; Conference onphenol-soluble modulin from Gram-positive bacteria
Innate Immunity, Keystone 2001). Furthermore, nucleo-and whole Gram-positive bacteria, as well as zymosan
some remodeling of chromatin structure at the IL-12from yeast (Aderem and Ulevitch, 2000). At first view,
p40 promoter in macrophages has been described asthe broad spectrum of receptor properties of TLR2 con-
one of the endpoints in endotoxin—TLR4 triggered TIRtrasts the concept of ligand-specific PAMP-TLR interac-
domain signal transduction, an endpoint that is indepen-tions. However, in equivalent assays at least several
dent of NF-kB activation (Weinmann et al., 2001). Finally,hundred-fold higher concentrations of, for example,
the innate immune system may have evolved to express
different TLRs (or combinations thereof) within different
subsets of immune cells. For example, human CD12311Correspondence: h.wagner@lrz.tu-muenchen.de
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Figure 1. Signaling Pathway Activated by TLR9
Bacterial CpG-DNA or mimicking CpG-ODN first binds to a cell surface DNA binding protein. Binding is sequence independent and does not
bring about cell activation but rather endocytosis. Upon endosomal maturation/acidification, immunostimulatory CpG motifs become sequence-
specifically engaged by TLR9. Activated TLR9 recruits the adaptor protein MyD88 followed by IRAK and TRAF6. Ligands for IL-1R, IL-18R,
TLR2, and TLR4 essentially trigger a similar signal cascade, while CD40L expressing T helper cells interact at the level of TRAF6. Arguments
supporting the involvement of MyD88, TRAF6, Ik kinase a/b, and TLR9 are exclusively based on experiments using dominant-negative forms
of the respective proteins, genetic complementation with TLRs of nonresponder cells, and analysis of MyD88- or TLR9-deficient mice. The
glycosyl-phosphatilinositol linked CD14 molecule lacks a signal transduction moiety of its own and is thought to scavenge LPS opsonized
by LPS binding protein (LBP) for recognition by TLR4, and assisted by MD2. All molecules in the figure are symbols only—their shapes are
not based on biochemical data. Solid arrows indicate direct interactions. Broken arrows are used where direct interactions has not been
demonstrated.
CD11c2 lymphoid precursors of DCs respond to CpG- count for the observed immune stimulation and antitu-
mor effects. In a seminal report (Krieg et al., 1995), itDNA but not to LPS, while CD11c1CD1232 myeloid pre-
cursors are responsive to LPS but not to CpG-DNA. was subsequently reported that mitogenic activity of
bacterial DNA to murine B cells was due to the presenceSince the former primarily produce type I interferons and
the latter IL-12, the specificity of the immune responses of unmethylated CpG dinucleotides in a particular base
sequence context termed “CpG motif.” Importantly, theappears to depend on the effector cells that became
activated. immunostimulatory activity is found in bacterial, yeast,
insect, and nematode DNA, while mammalian cells ig-Bacterial CpG-DNA and TLR9
Bacterial genomic CpG-DNA and mimicking CpG-oligo- nore even high concentrations of their own DNA. Fur-
thermore, bacterial CpG-DNA or mimicking CpG-ODNnucleotides (ODN) represent the most recent example
of the power of pathogen-derived PAMPs to influence activate macrophages and DCs in vitro and in vivo to
produce proinflammatory cytokines such as TNF-a, IL-1,“adaptive” immune responses by activating “innate” im-
mune cells such as macrophages and DCs (Wagner, and IL-6, as well as effector cytokines such as IL-12 and
IL-15. In addition, CpG-DNA causes immature antigen-1999). In 1984, while attempting to identify the antitumor
components of bacillus Calmette-Guerin (BCG) ex- presenting cells (APCs) to mature to professional (li-
censed) APCs able to activate antigen-reactive naive Ttracts, Tokunaga and colleagues first established that
it might be bacterial genomic DNA alone that could ac- cells. In mice, the potent innate immune cell activation
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by CpG-DNA is sufficient to protect and even to treat (DNA-PK) is required for CpG-DNA recognition by innate
immune cells. DNA-PK, a member of the PI3 kinase family,established infections by intracellular pathogens includ-
ing that of Leishmania major. Most likely, CpG-DNA drive is known to be activated following recognition of double-
stranded DNA breaks and single-stranded DNA ends, yetadaptive immunity via activation of DCs that provide a
Th1 polarizing environment in the secondary lymphoid the implication of sequence-specific DNA recognition is
novel. Furthermore, the data imply that CpG-DNA acti-organs where antigen-reactive T cells are exposed to
licensed APCs in the presence of increased levels of vated cytoplasmatic DNA-PK directly phosphorilate IkB
kinase b, thus liberating NF-kB in a MyD88-independentcytokines such as IL-12. Indeed, it has become clear
that CpG-DNA is a potent Th1-like adjuvant matching fashion. At present, a connection between TLR9 and
DNA-PK as receptors for CpG-DNA is not immediatelythe potency of complete Freunds, which not only pro-
motes “cross-priming” of MHC class I restricted cyto- apparent, since SCID mice known to carry an inactivat-
ing mutation in the DNA-PK gene perfectly respond tolytic T cell (CTL) responses to peptides and proteins but
also triggers Th1-polarized robust antibody responses. CpG-DNA (Wagner, 1999). It will be important to deter-
mine whether TLR9 or DNA-PK sequence specificallyRemarkably, the strength of CpG-DNA as an adjuvant
renders CTL responses toward proteins and peptides binds and thus recognizes CpG-DNA.
Questions on TLR9 and CpG Motifsindependent of T cell help (Cho et al., 2000; Krieg and
Wagner, 2000). Shuffling of protein effector domains and effector motifs
to create functionally new proteins appears to be a fea-The sequence specificity of CpG-DNA-driven re-
sponses is best documented by the fact that reversal ture in evolution of higher organisms. This raises the
question of how and when in evolution the TIR domainof cytosine-guanosine (CG)-dinucleotides to GC or
methylation of C is sufficient to ablate its immunostimu- became connected with LRRs that harbor a DNA binding
domain allowing sequence-specific recognition of bac-latory activity. Such a clear structure-function relation-
ship implies the existence of a receptor with specificity terial CpG-DNA. Integration of foreign bacterial or viral
DNA is considered as genotoxic by causing genomicfor the CpG motif. Building on functional parallels be-
tween LPS and CpG-DNA-driven innate immune cell instability of host cells. Methylation of bacterial and viral
CpG-DNA has thus been viewed as an ancient defenseactivation, subsequent studies (Hacker et al., 1998) re-
vealed that in response to CpG-DNA challenge, classical mechanism to inactivate invaders DNA. To silence
genes, most but not all CpG dinucleotides are methyl-signaling events are switched on such as the stress
kinase pathway and the NF-kB pathway, as is the case ated in genomic vertebrate DNA. Yet, methylated CpG
dinucleotides represent mutational hot spots due tofor LPS. Since APCs stimulated by LPS or CD40 ligand
expressing T helper cells become activated via MyD88 spontaneous deamination of 5-methyl-cytosines. As a
consequence, methylated CpGs tend to be lost fromor TRAF6, respectively, we tested whether CpG-DNA
also activates the Toll/IL-1 receptor signal pathway. In genomes of vertebrates, a phenomenon termed CpG
suppression. One may predict that evolution of structuralcollaboration with S. Akira’s group, it could be shown
that inactivation of either MyD88 or TRAF6 abolished differences between vertebrate and bacterial DNA such as
frequency and methylation of CpG dinucleotides precededCpG-DNA signaling (Hacker et al., 2000). These results
suggested a potential role of TLRs as CpG-DNA receptor. its use as invariant microbial molecular pattern to be rec-
ognized by TLR9. However, upon demethylation mam-Indeed, macrophages and DCs of TLR9-deficient mice
turned out to be selectively nonresponsive to CpG-DNA malian genomic DNA remains immunologically inert, im-
plying that not only the frequency of CG-dinucleotides(Hemmi et al., 2000). In addition, genetic complementation
of human nonresponder cells with either human or mu- but also that of immunostimulatory CpG motifs is sup-
pressed. This assumption would explain why unmethyl-rine TLR9 restored responsiveness to bacterial DNA and
CpG-ODN in a species-specific manner (Bauer et al., ated CpG-dinucleotides that are frequent in mammalian
promoters have no immunostimulating potential. Per-2001). For example, complementation with human TLR9
conferred responsiveness to “optimal” human CpG mo- haps it is the presence of inhibitory sequences (Krieg
et al., 1998) within vertebrate DNA that compete withtifs, while complementation with murine TLR9 conferred
responsiveness to murine CpG motifs. Overall, these stimulatory CpG motifs in activating innate immune
cells. Alternatively, perhaps there has to be certain den-data imply that TLR9 conveys CpG-DNA responsiveness
to cells by directly engaging immunostimulating CpG- sity of stimulatory motifs within a given DNA sequence
in order for TLR9 to act. It is, however, hard to conceiveDNA. In addition, the extracellular region of TLR9 con-
tains a potential DNA binding motif, perturbation of that innate immune cells could impact so heavily on
the DNA composition of the organism. The evolutionarywhich destroys CpG-DNA-driven responses.
Consistent with published evidence that endocytosis origin of CpG-DNA recognition by TLR9 therefore re-
mains mysterious.of CpG-DNA is required for its immunostimulatory activ-
ity, CpG-DNA-stimulated macrophages recruit MyD88 Eye Outward or Inward
TLRs can be viewed as eyes of innate immune cells turnedto endosome-like vesicular structures where it colocal-
ized with CpG-DNA and thus initiates signaling. In con- outward to identify conserved molecular patterns of
pathogens and danger signals originating from stressedtrast, LPS does not require endocytosis for signaling
and MyD88 is recruited to the cell membrane. Alto- or injured cells. For example, human recombinant heat
shock protein (hsp)60 triggers in macrophages the Toll/gether, these results support the conclusion that TLR9
sequence specifically recognizes CpG-DNA to initiate IL-1 receptor signal pathway via MyD88 and TRAF6 by
engaging either TLR2 or TLR4 (unpublished data).signaling by recruiting MyD88.
Independently, E. Raz and colleagues (Chu et al., It would be, however, detrimental if epithelial cells,
lining the colon and thus bathing in bacteria and bacte-2000) have reported that DNA-dependent protein kinase
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Chu, W.M., Gong, X., Li, Z.W., Takabayashi, K., Ouyang, H.H.rial products, were responsive to these “inflammatory”
Chen,Y., Lois, A., Chen, D.J., Li, G.C., Karin, M., and Raz, E. (2000).agents. Indeed, epithelial cells are refractory to “exoge-
DNA-PKcs is required for activation of innate immunity by immuno-nous” LPS. Nevertheless, certain pathogens such as
stimulatory DNA. Cell 103, 909–918.
invasive Shigella flexneri or microinjected endotoxin ap-
Hacker, H., Mischak, H., Miethke, T., Liptay, S., Schmid, R., Sparwas-
pear to activate NF-kB through an LPS-driven intracellu- ser, T., Heeg, K., Lipford, G.B., and Wagner, H. (1998). CpG-DNA-
lar response that leads to IL-8 expression; noninvasive specific activation of antigen-presenting cells requires stress kinase
S. flexneri fail to do so (Philpott et al., 2000). Although activity and is preceded by non-specific endocytosis and endoso-
mal maturation. EMBO J. 17, 6230–6240.these data could reflect differences in LPS presentation
Hacker, H., Vabulas, R.M., Takeuchi, O., Hoshino, K., Akira, S., andto TLR4, they also could give a hint of the existence of
Wagner, H. (2000). Immune cell activation by bacterial CpG-DNAcytoplasmatic recognition structures capable of de-
through myeloid differentiation marker 88 and tumor necrosis factortecting intracellular PAMPs. Candidates include the re-
receptor-associated factor (TRAF)6. J. Exp. Med. 192, 595–600.
cently described Nod1 and Nod2 proteins, since genetic
Hajjar, A.M., O’Mahony, D.S., Ozinsky, A., Underhill, D.M., Aderem,complementation of nonresponder cells with Nod1 or
A., Klebanoff, S.J., and Wilson, C.B. (2001). Cutting edge: functional
Nod2 conferred responsiveness to LPS in a TLR4- and interactions between toll-like receptor (TLR) 2 and TLR1 or TLR6 in
MyD88-independent manner. The leucine-rich repeats response to phenol-soluble modulin. J. Immunol. 166, 15–19.
of Nod1 and Nod2 were required for LPS-induced NF- Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H.,
kB activation, and LPS binding activity could specifically Matsumoto, M., Hoshino, K., Wagner, H., Takeda, K., and Akira, S.
(2000). A Toll-like receptor recognizes bacterial DNA. Nature 408,be immunopurified with Nod1 from cytosolic extracts
740–745.(Inohara et al., 2000). Although other interpretations may
Hoffmann, J.A., Kafatos, F.C., Janeway, C.A., and Ezekowitz, R.A.exist, it is proposed that TLRs screen “outward” for
(1999). Phylogenetic perspectives in innate immunity. Science 284,ligands of either the microbial world or hsps released
1313–1318.
after cell injury, while Nod family members are turned
Inohara, N., Koseki, T., Lin, J., del Peso, L., Lucas, P.C., Chen, F.F.,“inward” to screen the cytoplasm for PAMPs derived
Ogura, Y., and Nunez, G. (2000). An induced proximity model for NF-
from invasive bacteria. kappa B activation in the Nod1/RICK and RIP signaling pathways. J.
Concluding Remarks Biol. Chem. 275, 27823–27831.
In the context of disease, the term “immunity” can be Krieg, A.M., and Wagner, H. (2000). Causing a commotion in the
traced back to the 14th century to describe resistance blood: immunotherapy progresses from bacteria to bacterial DNA.
Immunol. Today 21, 521–526.to plague. The term was thus available in 1883, when
Krieg, A.M., Wu, T., Weeratna, R., Efler, S.M., Love-Homan, L., Yang,E. Metchnikov dared to suggest that phagocytes are
L., Yi, A.K., Short, D., and Davis, H.L. (1998). Sequence motifs innot harmful but constitute a first line of immunity (innate
adenoviral DNA block immune activation by stimulatory CpG motifs.defense) by virtue of their capacity to ingest and digest
Proc. Natl. Acad. Sci. USA 95, 12631–12636.
invading organisms. By 1908, when the Nobel prize was
Krieg, A.M., Yi, A.K., Matson, S., Waldschmidt, T.J., Bishop, G.A.,awarded jointly to Metchnikov and Ehrlich, the late
Teasdale, R., Koretzky, G.A. and Klinman,D.M. (1995). CpG motifs
founders of phagocytic (innate) and humoral (adaptive) in bacterial DNA trigger direct B-cell activation. Nature 374, 546–549.
immunity, productive research on innate immunity had Medzhitov, R., Preston-Hurlburt, P., and Janeway, C.A., Jr. (1997).
already ebbed, while research on adaptive immunity A human homologue of the Drosophila Toll protein signals activation
began to flourish. of adaptive immunity. Nature 388, 394–397.
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